Vapor-Phase Oxidation of Benzyl Alcohol Using Manganese Oxide Octahedral Molecular Sieves (OMS-2) by Opembe, Naftali N. et al.
Ames Laboratory Publications Ames Laboratory
11-2014
Vapor-Phase Oxidation of Benzyl Alcohol Using
Manganese Oxide Octahedral Molecular Sieves
(OMS-2)
Naftali N. Opembe
University of Connecticut - Storrs
Curtis Guild
University of Connecticut - Storrs
Cecil King'ondu
University of Connecticut - Storrs
Nicholas C. Nelson
Iowa State University, nelsonnc@iastate.edu
Igor I. Slowing
Iowa State University, islowing@iastate.edu
See next page for additional authors
Follow this and additional works at: http://lib.dr.iastate.edu/ameslab_pubs
Part of the Chemistry Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
ameslab_pubs/315. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Ames Laboratory at Iowa State University Digital Repository. It has been accepted for
inclusion in Ames Laboratory Publications by an authorized administrator of Iowa State University Digital Repository. For more information, please
contact digirep@iastate.edu.
Vapor-Phase Oxidation of Benzyl Alcohol Using Manganese Oxide
Octahedral Molecular Sieves (OMS-2)
Abstract
Vapor-phase selective oxidation of benzyl alcohol has been accomplished using cryptomelane-type
manganese oxide octahedral molecular sieve (OMS-2) catalysts. A conversion of 92% and a selectivity to
benzaldehyde of 99% were achieved using OMS-2. The role played by the oxidant in this system was probed
by studying the reaction in the absence of oxidant. The natures of framework transformations occurring
during the oxidation reaction were fully studied using temperature-programmed techniques, as well as in situ
X-ray diffraction under different atmospheres.
Disciplines
Chemistry
Comments
Reprinted (adapted) with permission from Industrial & Engineering Chemistry Research 53 (2014): 19044,
doi:10.1021/ie5024639. Copyright 2014 American Chemical Society.
Authors
Naftali N. Opembe, Curtis Guild, Cecil King'ondu, Nicholas C. Nelson, Igor I. Slowing, and Steven L. Suib
This article is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/ameslab_pubs/315
Vapor-Phase Oxidation of Benzyl Alcohol Using Manganese Oxide
Octahedral Molecular Sieves (OMS-2)
Naftali N. Opembe,*,†,‡,§ Curtis Guild,† Cecil King’ondu,†,∥ Nicholas C. Nelson,‡,§ Igor I. Slowing,‡,§
and Steven L. Suib*,†,‡
†Department of Chemistry, University of Connecticut, 55 North Eagleville Road, Storrs, 06269-3060, United States
‡U.S. Department of Energy, Ames Laboratory, Ames, Iowa 50011-3020, United States
§Department of Chemistry, Iowa State University, Ames, Iowa 50011-3111, United States
∥School of Pure and Applied Science, Department of Physical Science, South Eastern Kenya University, P.O. Box 170-90200, Kitui
90200, Kenya
*S Supporting Information
ABSTRACT: Vapor-phase selective oxidation of benzyl alcohol has been accomplished using cryptomelane-type manganese
oxide octahedral molecular sieve (OMS-2) catalysts. A conversion of 92% and a selectivity to benzaldehyde of 99% were achieved
using OMS-2. The role played by the oxidant in this system was probed by studying the reaction in the absence of oxidant. The
natures of framework transformations occurring during the oxidation reaction were fully studied using temperature-programmed
techniques, as well as in situ X-ray diﬀraction under diﬀerent atmospheres.
1. INTRODUCTION
Selective oxidation is a fundamentally important topic in
research owing to the importance of oxidation as a unit
operation in the manufacture of chemicals and chemical
intermediates.1 The products of the alcohol oxidation process,
such as aldehydes, are valuable both as intermediates to other
compounds and also as end products in the chemical and
perfumery industries.2 Selective oxidation of benzyl alcohol
serves as a fundamental reaction for both laboratory and
commercial processes.3 An understanding of this process
enables the development of oxidation processes for other
organic compounds. Benzaldehyde is currently produced
through the oxidation of benzyl alcohol using stoichiometric
amounts of commercial manganese oxide (pyrolusite) or
chromium salts in the laboratory and commercially through
the chlorination and subsequent oxidation of toluene.4
Disadvantages caused by using stoichiometric reagents and
toxic salts have necessitated research into alternative pathways.
Both liquid- and vapor-phase processes are possible. The vapor
phase is advantageous because of the lack of downstream
operations that are required in liquid-phase processes, such as
solvent separation and recovery.
Laboratory-scale vapor-phase oxidation of benzyl alcohol has
been accomplished using various catalysts. Table 1 presents a
nonexhaustive overview of reported results and the temper-
atures used to achieve these results. The overview shows that
both noble and non-noble metals catalyze the oxidation of
benzyl alcohol in the vapor phase. This can be achieved at
temperatures ranging approximately from benzyl alcohol’s
boiling point (205 °C) to higher temperatures (as high as
400 °C) with good selectivity.
In situ X-ray diﬀraction (XRD) is a powerful tool used for
transformation studies of heterogeneous catalysts (oxides,
carbides, sulﬁdes, silicates, and phosphates, among others) at
various intervals during the progress of a reaction. In situ XRD
can identify active phases and show their stability and can also
help elucidate reaction mechanisms when coupled with
spectroscopic techniques such as Raman spectroscopy, Fourier
transform infrared (FTIR) spectroscopy, extended X-ray
absorption ﬁne structure (EXAFS) spectroscopy, and X-ray
photoelectron spectroscopy (XPS). Under reaction conditions,
catalysts can undergo transformations that signiﬁcantly aﬀect
their crystal structure or lattice facets. If these changes are
“visualized” in situ, the results can provide a wealth of
information to help improve catalyst performance or design
better catalysts. In situ XRD has been utilized to study
transformations of Co−Fe supported on CaCO3 to show that
the support reacts with the deposited metals in diﬀerent
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Table 1. Summary of Selected Published Benzyl Alcohol
Vapor-Phase Oxidation Reactions
catalyst type yield (%) temperature (°C) ref
Ag-HMS 96 310 5
nano-Au 61 240 6
K-Cu-TiO2 99 203 7
Ag/Ni-ﬁber 84 380 8
Ca−Ag/SiO2 67 240 9
Co/NaY 45 350 10
Ag/SiO2 84 350 11
Au/TiO2 80 320 12
Cu−Na-ZSM-5 80 400 13
1% Au−Cu/SiO2 98 260 14
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temperature regimes.15 The complex structural transformations
in Li0.5Ni0.25TiOPO4 during electrochemical lithiation were
studied using in situ XRD,16 as was the chemical delithiation of
LiFePO4.
17 In situ XRD was also used to study the reduction of
PdO and oxidation of Pd0,18 as well as the isothermal
conversion of α-PcCu to β-PcCu.19
Cryptomelane-type octahedral molecular sieves, denoted as
K-OMS-2, are a type of manganese oxide material with a tunnel
structure. These materials have been prepared by diﬀerent
synthetic routes and extensively studied and characterized. K-
OMS-2 is made up of corner- and edge-sharing manganese
oxide octahedral units (MnO6), resulting in the formation of
tunnels that are partially occupied by K+ ions and water
molecules (Figure 1). The K+ ions play the role of balancing
the charge in the structure.
K-OMS-2 was thoroughly investigated in the liquid-phase
oxidation of benzyl alcohol.20 Reaction conditions for a typical
batch liquid reaction were optimized at a catalyst loading of
6.25 mol %, a solvent content of 10 mL of toluene, air as the
oxidant, and a reaction time of 4 h.20
The exemplary performance of K-OMS-2 in benzyl alcohol
oxidation and its attractiveness as a less expensive alternative
has led to numerous other catalytic reactions,21−29 all
performed in the liquid phase. Reported gas-phase reactions
with K-OMS-2 materials have largely been conﬁned to the total
oxidation of volatile organic compounds (VOCs)30−32 and
other equally toxic compounds such as carbon monoxide
(CO).31,33−35
Herein, we have developed a vapor-phase process for the
partial oxidation of benzyl alcohol under ﬂow conditions. The
process uses K-OMS-2 as the catalyst and an oxidant gas of
either 100% air or oxygen mixed in nitrogen. The benzyl
alcohol is ﬁrst vaporized in a heated chamber, from which its
vapors meet with a stream of oxidant gas (air or pure oxygen
mixed with nitrogen) and are passed through the catalyst bed.
Products are collected and analyzed downstream. Importantly,
close attention was paid to the transformation of the catalyst
during the reaction, which was studied further using the in situ
XRD and temperature-programmed reduction (TPR) and
oxidation (TPO) techniques.
2. EXPERIMENTAL SECTION
2.1. Materials. Potassium permanganate (KMnO4), man-
ganese sulfate monohydrate (MnSO4·H2O), and benzyl alcohol
(99.99%, anhydrous) were purchased from Sigma-Aldrich, and
concentrated nitric acid (HNO3) was obtained from Alfa Aesar.
All reagents were used without any further puriﬁcation.
2.2. Catalyst Synthesis. K-OMS-2 was synthesized using
an adaptation of a previously reported method.36 In a typical
reaction, 6.65 g (42 mmol) of KMnO4 was added to 100 mL of
distilled deionized water (DDW) to make mixture A. In
another ﬂask, 9.9 g (59 mmol) of MnSO4·H2O was added to 33
mL of DDW to make mixture B. Mixtures A and B were stirred
separately until complete dissolution of the reagents. Then, 3.4
mL of concentrated HNO3 was added to mixture B and further
stirred. Mixture A was added dropwise to mixture B under
vigorous stirring. The resultant mixture was reﬂuxed for 24 h in
an oil bath maintained at 110 °C. The product was thereafter
ﬁltered, washed until neutral to litmus test, air-dried at 120 °C
for 12 h, and ground to a ﬁne powder.
2.3. Ion Exchange. To form protonated H−K-OMS-2, 5 g
of the K-OMS-2 powder was ion-exchanged (K+ for H+) by
being dispersed in 100 mL of 1 M HNO3, stirred at 70 °C for 6
h, and then subjected to a washing and drying procedure similar
to that described in the preceding section.
2.4. Vapor-Phase Oxidation of Benzyl Alcohol. Ultra-
high-purity- (UHP-) grade oxygen mixed with UHP-grade
nitrogen and zero-grade air were employed as oxidants. The
oxidation reactions were performed using a conventional
tubular furnace that contained a vertical ﬁxed-bed glass reactor
(h = 0.45 m, i.d. = 9 mm), ﬁtted with quartz wool to support
0.1−0.5 g of catalyst. Before being used in the oxidation
reaction, the catalyst materials were pretreated at 120 °C
overnight in an oven under air, and just before each reaction,
the packed catalyst bed was further heated at the reaction
temperature (210−240 °C) in pure oxygen for about 1 h. The
reaction was initiated by charging benzyl alcohol into a
preheated zone (220 °C), where vaporization occurred, and
then mixing the vapor with a stream of oxidant and carrier gas
(mixture) that was transported further into the catalyst bed.
The charging rate of benzyl alcohol was varied between 0.02
and 0.5 mL/min, and that of the oxidant/carrier gas was varied
between 40 and 80 sccm (standard cubic centimeters per
minute). A syringe pump controlled the benzyl alcohol ﬂow
rate, and a mass ﬂow meter controlled the oxidant/carrier gas
ﬂow rate. Liquid products and unreacted benzyl alcohol were
collected using a cold trap (using solid carbon dioxide). The
products were continuously collected until the entire 10 mL
syringe was ﬁnished and quantitatively analyzed by gas
chromatography/mass spectrometry (GC/MS). Prior to
analysis, the product was vacuum-separated from water and
diluted in acetone. The noncondensable gas stream was fed to
an online SRI Instruments multicomponent analyzer gas
chromatograph equipped with both a thermal conductivity
detector (TCD) and a molecular sieve type 13X column for
analysis of gaseous products.
3. CHARACTERIZATION
3.1. Crystal Structure. The crystal structure of the
synthesized materials was conﬁrmed using powder X-ray
diﬀraction (XRD). XRD studies were performed on a Scintag
XDS-2000 diﬀractometer using Cu Kα (λ = 0.15406 nm)
radiation and operating at a beam voltage of 45 kV and a
Figure 1. Crystal structure of cryptomelane-type K-OMS-2 materials
with the tetragonal unit cell (a = b = 9.886 Å, c = 2.8538 Å) outlined.
Black spheres represent K+, whereas blue spheres represent water. The
orange tetrahedron is composed of Mn atoms at the center and oxygen
atoms at the vertices.
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current of 40 mA. Diﬀraction data were collected continuously
in the 2θ range of 5−75° at a scan rate of 1.0°/min, and phase
identiﬁcation was done using Joint Committee on Powder
Diﬀraction Standards (JCPDS) ﬁle no. 29-1020. The XRD
patterns of samples were collected using a glass sample holder.
In situ XRD studies were performed using Cu Kα (λ = 0.15406
nm) radiation on a Thermo ARL X’tra diﬀractometer equipped
with a Paar XRK-900 in situ reactor stage. A 2θ range of 5−75°
was used with a continuous scan rate of 2.0°/min, and the
phases were identiﬁed using the JCPDS database. A beam
voltage and beam current of 40 kV and 44 mA, respectively,
were used on a Thales MC-61 XRD tube (long ﬁne focus).
Samples were brought to the appropriate temperature under
the desired atmosphere (5% H2 in N2 or 5% O2 in N2 ﬂowing at
10 sccm) and held for 30 min prior to acquisition of the
diﬀraction pattern.
3.2. Physical Characteristics. 3.2.1. Microscopy Studies.
Transmission electron microscopy (TEM) was carried out with
a Tecnai G2 F20 electron microscope operated at 200 kV. The
samples were prepared by dispersing less than 2 mg of powder
in methanol and sonicating for 15 min. A drop of the dispersion
was placed onto a lacey-carbon-coated copper grid and allowed
to dry in air.
3.2.2. Physisorption Studies. Surface area and porosimetry
analyses were performed on a Micrometrics Tristar 3000
surface area and porosity analyzer at liquid nitrogen temper-
ature. Prior to these measurements, samples were ﬁrst degassed
at 100 °C for at least 6 h under a stream of nitrogen gas ﬂowing
at 100 sccm.
3.2.3. Chemisorption Studies. Chemisorption experiments
were performed on a Micrometrics Autochem II 2920
instrument. Temperature-programmed desorption (TPD)
experiments were performed by heating a weighed amount of
the catalyst material from ambient conditions to 800 °C under
a stream of helium at a rate of 10 sccm. TPR/TPO experiments
were performed by heating the materials under a mixture of
10% hydrogen in He to 800 °C, cooling under He (10 sccm)
back to ambient conditions, and then reheating the same
material under 10% oxygen in He to 800 °C.
3.2.4. Acid Sites. Measurements of acid sites (Lewis and
Brönsted) were performed by ammonia desorption. NH3 TPD
experiments were performed by ﬁrst pretreating the catalyst at
120 °C under a stream of He gas, cooling back to 30 °C,
adsorbing gaseous ammonia for 30 min, and then ﬂowing He
for 1 h to drive oﬀ any physisorbed ammonia from the material
and the analysis lines. Temperature was then ramped at 10 °C/
min to 550 °C, and the TCD signal was recorded once a stable
baseline was established.
4. RESULTS
4.1. Physical, Structural and Morphological Proper-
ties. The synthesis of K-OMS-2 resulted in a black material
that was ground to a ﬁne powder in preparation for various
analyses. Ion exchange of K-OMS-2 by acid treatment (forming
H−K-OMS-2) did not change the color of the material
signiﬁcantly. XRD studies were performed on both K-OMS-2
and H−K-OMS-2 to determine their crystal phases. The XRD
patterns are presented in panels i and ii, respectively, of Figure
2. Also included in Figure 2 are XRD patterns of K-OMS-2
after various treatments, namely, benzyl alcohol oxidation
(Figure 2iii), benzyl alcohol oxidation in a stream of pure
nitrogen as the carrier (Figure 2iv), TPD (Figure 2v), and
TPR/TPO (Figure 2vi). Temperature-programmed XRD
experiments were performed on K-OMS-2 so as to study the
various transformations occurring on the catalyst during the
reaction. These experiments were performed in reductive and
oxidative atmospheres. TP-XRD under a stream of 5% H2 in N2
was performed to study the evolution of the hausmannite phase
observed when benzyl alcohol was oxidized on K-OMS-2. The
postreaction catalyst exhibited the presence of hausmannite,
which is a more reduced form of manganese oxide than K-
OMS-2. The oxidation transformation was probed by switching
from H2/N2 gas to 5% O2 in N2 and heating under this
atmosphere. The results of these studies are presented in Figure
3 (reduction atmosphere) and Figure 4 (oxidizing atmosphere).
Results of N2 physisorption measurements at 77 K are
presented in Figure 5 for both K-OMS-2 and H−K-OMS-2,
and their speciﬁc surface areas and total pore volumes are
reported in Table 2. These results are similar to those reported
for OMS-2 materials.
High-resolution TEM micrographs of K-OMS-2 are
presented in Figure 6. Figure 6A is a low-magniﬁcation
micrograph of this material, whereas Figure 6B presents a high-
Figure 2. XRD patterns of K-OMS-2 materials: (i) K-OMS-2, (ii) H−
K-OMS-2, (iii) K-OMS-2 after benzyl alcohol oxidation, (iv) K-OMS-
2 after benzyl alcohol oxidation in pure N2, (v) K-OMS-2 after TPD
studies, and (vi) K-OMS-2 after TPR/TPO studies.
Figure 3. TP-XRD patterns of K-OMS-2 materials obtained during
heating from 50 to 250 °C under 5% H2 in N2. The evolution of the
hausmannite (Mn3O4) phase is shown with asterisks (*). Patterns
were obtained at intervals of 25 °C.
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magniﬁcation image of the same material that reveals more
information.
4.2. Acidity Measurements, Chemisorption Studies,
and Temperature-Programmed Techniques. TPD meas-
urements were carried out by heating the materials in pure He
to study the structural changes and evolution of oxygen from
the materials with increasing temperature. These results are
presented in Figure S1 (Supporting Information). The NH3
TPD study (Figure S2 of Supporting Information) was aimed
at determining the presence of acid sites on the materials. TPR/
TPO was performed by heating K-OMS-2 under a stream of
10% H2 in He (TPR) to 800 °C, allowing the ,material to
cooled to ambient temperature, and then performing TPO on
the same material with 10% O2 in He. These results are shown
in Figure S3 (Supporting Information).
4.3. Catalytic Results. Analysis of the liquid products
collected in the cold trap revealed a good composition of the
oxidized products, as benzaldehyde was the predominant
product when oxygen or air was used as the oxidant. These
results are presented in Table 3. H−K-OMS-2 showed a slightly
superior performance than K-OMS-2. The selectivity to benzoic
acid was only about 1% with H−K-OMS-2 compared to 4%
with K-OMS-2 (Table 3, entries 2 and 3, respectively). In these
studies, the composition of the gas stream was 62.5% O2 by
volume. However, use of pure air (compressed) delivered at
similar ﬂow rates was studied, as was the use of pure nitrogen
(absence of an oxidizing component). These results are
presented in Table 3, entries 4 and 5, respectively. The
diﬀerence in performance upon use of pure air was negligible
(entry 4), indicating that compressed air can also be used as the
oxidant in place of mixed O2/N2. The rate at which benzyl
alcohol was delivered (at a constant carrier ﬂow) was found to
be important, as use of diﬀerent benzyl alcohol ﬂow rates led to
diﬀerent results. When benzyl alcohol was delivered at 0.002
mL/min, the conversion was comparable to that obtained when
it was delivered at 0.02 mL/min, but the selectivity was
compromised. At a benzyl alcohol ﬂow rate of 0.002 mL/min,
the amount of benzoic acid increased to 12% of the product
composition compared to only 1% when the ﬂow rate was 0.02
mL/min. When the rate was increased to 0.1 and 0.5 mL/min,
the conversion dropped to 64% and 58%, respectively, but the
drop in selectivity was not as pronounced (Figure 7). In either
case, the product that showed an increase in selectivity was the
ester. On the other hand, a change in oxidant/carrier ﬂow rate
from 40 to 80 sccm led to a drop in alcohol conversion from
92% to 81% (entry 2 vs entry 6), indicating that the ﬂow rate of
oxidant (and, hence, the residence time of the catalyst) is also a
crucial factor. This increase in carrier ﬂow rate was achieved by
increasing the ﬂow of N2 but maintaining that of O2 at the
original set value. The progress of the reaction was also
monitored by sampling at every 1 h. These results are shown in
Figure 8. Rapid increases in both conversion and selectivity
occurred in the ﬁrst hour, and after that, small increases
occurred until steady-state conditions were achieved. When the
same catalyst was reused, there was no noticeable change in
activity after an 8-h reaction period.
5. DISCUSSION
The wet chemical synthesis of K-OMS-2 through the
precipitation route has been widely studied.36−40 This process
was reported to be favorable under acidic conditions by
Portehault et al.,41 who showed that, in a matter of minutes
after mixing of the synthesis mixtures, the oxidation process
proceeds to about 99%. This is a comproportionation reaction
Figure 4. TP-XRD patterns of already-reduced K-OMS-2 materials
obtained during heating from 25 to 250 °C under 5% O2 in N2.
Patterns were obtained at intervals of 25 °C.
Figure 5. Nitrogen physisorption isotherms obtained for (i) K-OMS-2
and (ii) H−K-OMS-2 materials.
Table 2. Physical Properties of K-OMS-2 and H−K-OMS-2
Materials
material
SABET
a
(m2/g)
total pore volume
(cm3/g)
total acid sitesb
(mmol/g)
K-OMS-2 102 0.359 1.59
H−K-OMS-2 103 0.357 1.83
aSurface area (SA) calculated using the Brunauer−Emmett−Teller
(BET) method. bTotal acid sites quantiﬁed from NH3 TPD proﬁles in
Figure S2 (Supporting Information).
Figure 6. High-resolution TEM micrographs of K-OMS-2 taken at (A)
low and (B) high magniﬁcations.
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involving the oxidation of Mn2+ and the simultaneous reduction
of MnO4
−.
Liquid-phase oxidation reactions using K-OMS-2 materials
have also been extensively studied and reported. Son et al.20
pioneered the oxidation of benzyl alcohol in the liquid phase,
thereby opening the possibility of application of K-OMS-2 to
other organic compounds. However, partial oxidation of
organic compounds in the vapor phase has not been explored,
and few to no reports on this topic are available.
This report is the ﬁrst attempt at the vapor-phase partial
oxidation of benzyl alcohol using K-OMS-2. This reaction was
achieved through systematic studies to determine the best
experimental conditions for the vapor-phase reaction, consid-
ering the catalyst loading, benzyl alcohol ﬂow rate, oxidant ﬂow
rate, and reaction temperature. This reaction was attempted at
temperatures as high as 250 °C and proceeded to good yields,
but 210 °C was selected as a compromise at which the yield of
benzaldehyde was still high yet the temperature was just above
the benzyl alcohol boiling point. Similarly, results obtained
using 0.5 g of catalyst were similar to those obtained at a 0.35-g
loading. Loadings of less than 0.35 g resulted in low activity.
XRD analyses of both K-OMS-2 and H−K-OMS-2 revealed
similar patterns with no noticeable shifts in the peaks that can
be indexed to the mineral compound cryptomelane (Q-phase)
using JCPDS ﬁle no. 29-1020. Under the chosen synthesis
conditions, the material crystallizes in the tetragonal phase
(space group I4/m, lattice parameters a = b = 9.886 Å and c =
2.8538 Å). Both materials were subjected to benzyl alcohol
oxidation, and their postreaction structures were analyzed again
using XRD. Again, their relative patterns after reaction showed
no noticeable diﬀerences but were markedly diﬀerent from
those of the respective starting materials. As can be seen in
Figure 2iii, these patterns revealed a mixture of two phases, a
cryptomelane phase with a secondary phase (labeled) that can
be indexed to that of the mineral hausmannite (Mn3O4). In an
attempt to study the contribution of oxygen (in the carrier
mixture) to the stability of the cryptomelane phase during the
oxidation reaction, the same reaction was performed using pure
nitrogen instead of the initial mixture. The postreaction catalyst
was subjected to XRD, and the resultant patterns shown in
Figure 2iv reveal a predominant manganosite (MnO) phase,
which is the most reduced phase of all of the manganese oxide
polymorphs. In K-OMS-2, manganese exists predominantly in
the oxidation state of 4+, with minor amounts of 3+ and 2+
present.42 When K-OMS-2 was used in the benzyl alcohol
oxidation reaction in the liquid phase, the postreaction XRD
patterns of the catalyst showed no structural changes.22,29 In
the vapor-phase reaction, however, some of the manganese in
the 4+ and 3+ states was reduced to lower oxidation states,
resulting in the creation of hausmannite and manganosite in the
presence and absence, respectively, of oxygen. Oxygen prevents
deep reduction from occurring. Because not all of the Mn4+
ions are converted to Mn3+/Mn2+ in the presence of oxygen
whereas all of the Mn4+ ions are evidently converted to Mn2+ in
Table 3. Results of the Vapor-Phase Oxidation of Benzyl Alcohol Using Manganese Oxide Octahedral Molecular Sieve
Catalystsa
selectivity (%)
entry oxidant/carrier ﬂow rate (sccm) alcohol ﬂow rate (mL/min) conversion (%) aldehyde acid ester TONb
1 40 0.002 93 88 12 0 204
2 40 0.02 92 99 1 0 202
3c 40 0.02 92 96 4 0 202
4d 40 0.02 91 99 1 0 200
5e 40 0.02 95 7 93 0 −
6 80 0.02 81 93 1 6 178
7 40 0.10 64 98 1 1 140
8 40 0.50 58 93 1 6 119
aConditions (unless indicated otherwise): 0.35 g (0.4375 mmol) of catalyst, 210 °C, 25 sccm O2, and 15 sccm N2. Unless indicated otherwise, all
reactions were performed using H−K-OMS-2 catalyst. bTurnover number (TON) calculated based on number of moles of reactants converted
divided by number of moles of catalyst. Total number of moles of benzyl alcohol fed (96 mmol) used as the standard. cReaction performed using K-
OMS-2. dCompressed air at 40 sccm used. eCompressed nitrogen at 40 sccm used.
Figure 7. Conversion (⧫) and selectivity (■) as functions of benzyl
alcohol ﬂow rate with a catalyst loading of 0.35 mmol.
Figure 8. Conversion (●) and selectivity (⧫) as functions of time with
a catalyst loading at 0.35 mmol.
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the absence of oxygen, oxygen plays a role in partially
reoxidizing the manganese in the lower oxidation states back
to the higher states or preventing the complete reduction to
Mn2+. This was conﬁrmed by carrying out the oxidation
reaction in the presence of pure nitrogen, in which the
postreaction phase was pure MnO meaning all of the
manganese ions were reduced to the 2+ oxidation state. This
reduction is only possible during benzyl alcohol oxidation or
treatment of K-OMS-2 with a reducing gas at higher
temperatures. In situ XRD experiments were performed on
K-OMS-2 in the presence of a stream of H2 in N2, and the
results showed the evolution of hausmannite with temperature
at 250 °C. These results conﬁrmed the observations made
during benzyl alcohol oxidation. Cooling the already-reduced
K-OMS-2 under N2 to room temperature did not lead to any
phase change (see Figure S4 of Supporting Information). TPD
revealed ongoing structural changes as the material was heated.
The lower-temperature peak (∼550 °C) in the TPD scan was a
result of the evolution of lattice oxygen from K-OMS-2, which
resulted in the formation of Mn2O3. The TPD peak at higher
temperature (∼600−750 °C) was a result of the evolution of
structural oxygen and resulted in the formation of Mn3O4, as
can be seen in Figure S1 of the Supporting Information. An
XRD pattern of this material reveals the Mn3O4 phase (Figure
2v). Similar transformations have been reported by DeGuzman
et al.36 The TPR/TPO results (see Figure S3 of Supporting
Information) indicated a high consumption (9.76 mmol) of H2
during reduction compared to 2.32 mmol of oxygen consumed
during the reoxidation step. The XRD pattern of the reoxidized
material (during TPO) revealed a mixture of bixbyite phase
with hausmannite phase as the only phases present (Figure
2vi). However, prior to TPO, the furnace had to be cooled to
room temperature under an inert gas, which aﬀorded time to
check the material’s color. This color was green, indicating a
complete reduction to MnO. This is the same color as observed
during benzyl alcohol oxidation with pure nitrogen as the
oxidant. The NH3 TPD results (see Figure S2 of Supporting
Information) show three desorption peaks at 65, 150, and 250
°C for both K-OMS-2 and H−K-OMS-2. This could be the
result of three distinct types of acidic sites on the materials. The
total acid site contents were found to be 1.59 and 1.83 mmol/g
for K-OMS-2 and H−K-OMS-2, respectively.
The vapor-phase oxidation of benzyl alcohol proceeds to
good conversions at various ﬂow rates. The best conversion
under oxidizing conditions was realized when the alcohol ﬂow
rate was intermediate (0.02 mL/min), leading predominantly
to benzaldehyde, whereas lower rates (0.002 mL/min) led to
increased production of benzoic acid. Rates higher than 0.02
mL/min led to a decrease in conversion. When performed in
the absence of oxygen, the oxidation yielded predominantly
benzyl benzoate. Benzyl benzoate is a product of the
esteriﬁcation reaction of benzaldehyde and benzyl alcohol.
The presence of oxygen suppresses this reaction in favor of
benzaldehyde. The eﬀect of the formation of benzyl benzoate is
a deep reduction of manganese in the catalyst (to MnO), as can
be seen in Figure 2iii. The implications of these reduction
processes on the catalyst is that, during reaction in the presence
of oxygen, the catalyst cannot be reduced fully, as oxygen
causes reoxidation back to higher oxidation states. However,
complete regeneration of the partially reduced K-OMS-2 could
not be achieved under the conditions of this study. Because K-
OMS-2 is stabilized by the presence of both K+ and H2O in the
tunnels, heating it under a reducing atmosphere, apart from
reducing the material, also drives oﬀ this H2O, which aids in the
apparent diﬃculty in regenerating to K-OMS-2 in the absence
of H2O. This premise is supported by in situ XRD results that
showed the emergence of hausmannite when K-OMS-2 was
heated under a reducing environment at about 200−250 °C
(Figure 3). This phase is stable upon cooling to room
temperature (see Figure S4 of Supporting Information) and
does not transform upon being heated under oxidizing
conditions (Figure 4).
6. CONCLUSIONS
A vapor-phase process for the oxidation of neat benzyl alcohol
to benzaldehyde using K-OMS-2 catalyst has been developed.
The process utilizes atmospheric air or oxygen diluted in
nitrogen as the oxidant. This process, just like its liquid-phase
counterpart, leads to high turnovers (>200) and selectivities
(98%). The phenomena of K-OMS-2 structural changes during
the reaction were explored using conditions similar to those
emplyed for the oxidation reaction but utilizing hydrogen. This
was achieved using both TP-XRD and TPR/TPO techniques.
These analyses conclusively revealed that benzyl alcohol
oxidation on K-OMS-2 leads to changes (reductions) in the
oxidation state of manganese. The extent of this reduction is
dependent on the presence or lack of an oxidizing molecule.
When the reaction is performed in oxygen, only partial
reduction occurs, whereas complete (deep) reduction of
manganese to Mn2+ occurs when no oxygen is employed.
This means that oxygen prevents the deep reduction of
manganese and also is involved in the regeneration of higher
oxidation states.
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